The existence and nature of end and central plasmon resonances in a linear atomic chain, the 1D analog to surface and bulk plasmons in 2D metals, has been predicted by ab initio time-dependent density functional theory. Length dependence of the absorption spectra shows the emergence and development of collectivity of these resonances. It converges to a single resonance in the longitudinal mode, and two transverse resonances, which are localized at the ends and center of the atom chains. These collective modes bridge the gaps, in concept and scale, between the collective excitation of atomic physics and nanoplasmonics. It also outlines a route to atomic-scale engineering of collective excitations. DOI: 10.1103/PhysRevLett.98.216602 PACS numbers: 72.15.Nj, 71.45.Gm, 73.20.Mf Collective electron oscillations in nanostructures form localized surface plasmon resonances (LSPR) [1] [2] [3] [4] [5] [6] [7] , which exhibit unusual properties in energy, lifetime, optical spectroscopy, and short-time dynamics. Such properties of LSPRs, which are tunable by the shapes and sizes of the structures, are promising for applications in sensing and spectroscopy [1, 2] , catalytic reactions [8] , and biomedical treatment [9] . The quest for new nanostructures of desired purpose and function has been a major ongoing effort in nanoplasmonics and condensed matter physics [10 -12]. Various structures with different shapes have been fabricated using electron beam and colloidal lithography [13] . The minimal dimension reachable by lithography has so far been limited by a few tens nanometers. The plasmon excitations in this regime (10 -1000 nm) can be qualitatively understood by electrodynamic models like the Mie theory [14] .
Collective electron oscillations in nanostructures form localized surface plasmon resonances (LSPR) [1] [2] [3] [4] [5] [6] [7] , which exhibit unusual properties in energy, lifetime, optical spectroscopy, and short-time dynamics. Such properties of LSPRs, which are tunable by the shapes and sizes of the structures, are promising for applications in sensing and spectroscopy [1, 2] , catalytic reactions [8] , and biomedical treatment [9] . The quest for new nanostructures of desired purpose and function has been a major ongoing effort in nanoplasmonics and condensed matter physics [10 -12] . Various structures with different shapes have been fabricated using electron beam and colloidal lithography [13] . The minimal dimension reachable by lithography has so far been limited by a few tens nanometers. The plasmon excitations in this regime (10 -1000 nm) can be qualitatively understood by electrodynamic models like the Mie theory [14] .
This letter draws attention to collective excitations of a different class of structures, artificial atomic structures assembled with a scanning tunneling microscope (STM). Prototype structures of this kind include, for example, linear atomic chains [15, 16] , quantum corrals [17] , and artificial molecular structures [18] . Different from the nanostructures created by lithography and self-assembly, the sizes and shapes of such artificial structures are tunable down to the precision of a single atom. Collectivity of electron oscillations at such scales is a fundamental subject of its own interest [19] . It should be strongly influenced by two competing factors: the local atomic confinement and global quantization imposed by the geometric boundary of the systems. The aim of the present study was to find out whether and how collective plasmon excitation are determined by the structural tunability at atomic scale.
As both a conceptual model and a concise numerical study, we have calculated the plasmon excitation of a linear atomic chain of sodium atoms, which can be assembled atom by atom with an STM [16] . Using an ab initio description of the valence electrons, the optical spectra are calculated by time-dependent density functional theory (TDDFT). The evolution of absorption spectra, as the chain length was varied, clearly demonstrates the integration of its oscillator strength, which starts from two atoms and accumulates atom by atom. These collective oscillations converge into a single plasmon resonance in the longitudinal mode but splits into two separate transverse modes, one located at the ends (the end or ''surface'' plasmon) and the other in the center of the chain (the central or ''bulk'' plasmon). In addition, the frequency and polarization of these resonances can be manipulated by attaching a single atom or molecule at different registry to the chains. These atomic plasmons naturally complement and bridge the gaps, in concept and size, between the nanoplasmonics (10 -1000 nm) and collective excitation in atomic (a few Å ) and nuclear (a few fermis) systems [20] . They have also general implications in atomic-scale engineering and manipulations of optical properties atom by atom.
All of our calculations have been done by a real-space and real-time TDDFT code, OCTOPUS [21] , which treats the Na atoms using norm-conserving pseudopotentials. Localdensity approximation (LDA) for the exchange-correlation is used in both the ground state and excited state calculations. The simulation zone is defined by assigning a sphere around each atom with a radius of 6 Å and a uniform mesh grid of 0.3 Å . The absorption spectra were obtained by two approaches: 1) real-time propagation of electron wave packet [22] under an impulse excitation, and 2) linearresponse formalism in frequency domain developed by Casida [23] . In the real-time propagation, the electronic wave packets were evolved for typically 10 000 steps with a time step of 0.003 fs. Excitation spectrum is extracted by Fourier transform of the dipole strength. Such a scheme is extensively tested on several well-studied examples, on which reliable absorption spectra have been reproduced. Linear-response calculation in the frequency domain gives essentially the same excitation spectra for all the chains we calculated. Here we demonstrate our results with chains built from simple metal atoms like Na, calculations for silver atoms (with d electrons) have also been performed, which shows qualitatively similar results. Figure 1 shows the evolution of dipole strength as a function of the chain length, which is measured by the number of atoms N a . The left (a) and right panels (b) correspond to longitudinal (L) and transverse (T) polarizations of dipole excitations, respectively. For a single Na atom (the bottom curve), only one peak at 2.37 eV appears. It is comparable to 2.10 eV in literature [24, 25] . It consists of predominantly the 3s ! 3p transition. For the Na dimer, the interatomic distance is taken to be 2.89 Å , chosen from the experimental configuration of atom chains on the NiAl(110) surface [16] . The dipole excitation (the second curve from the bottom) splits into two peaks, a longitudinal mode (the L mode) at 2.20 eV and a transverse one (the T mode) at 2.92 eV with comparable strength. These energies are again comparable to absorption peaks 2.09-2.63 eV [24, 25] documented in the literature. The minor offset in energies can be attributed to the difference in the interatomic distances used in the calculations.
As more atoms are added to the chain, different evolutions were observed for the L and T modes. Starting from Na3, the L mode, panel (a), redshifts in energy and its intensity increases linearly with the chain length. The linear increase in intensity results from the accumulation of collectivity in the dipole oscillation, as found in a previous model using a confined quasi-one-dimensional electron gas (CQ1DEG) [26] . The redshift of the resonance frequency at increased chain length can be understood by the reduction of the energy gaps involved in the dipole excitation. Similar redshift was found in the CQ1DEG [26] . The self-consistent calculation in this study yields more reliable excitation energies and oscillator strengths.
In particular, the f-sum rule, which was not strictly satisfied in the CQ1DEG, is now fulfilled at all lengths. Apart from the lowest dipole mode, multiple excitations (n 2 and 3) of the L mode are also discernible in longer chains, which was not found in CQ1DEG. In the rest of this Letter, we will focus on the T mode, which was not studied before.
The evolution of the T modes, panel (b), differs drastically from that of the L mode. The transverse peak of the dimer at 2.92 eV is blueshifted and splits into two branches at Na3 with a low-energy resonance at 3.11 eV and a highenergy band at 4.44 eV. These two peaks gain intensity and become more prominent as the length increases. Figure 2 shows the length dependence of energies (a) and oscillator strength (b) of the transverse dipole modes. For chains shorter than 5 atoms, the transverse modes are dominated by the low-energy resonance, ! TE . From Na5, the highenergy branch increases in intensity and forms a welldefined resonance, ! TC , which is separated from ! TE by a finite gap. It suggests that the two modes are nondegenerate in energy and character. In longer chains, the strength of the ! TC mode increases almost linearly with the length. In contrast, the intensity of the ! TE mode becomes saturated with an integral oscillator strength of about 4 electrons. The strength of the two T modes indicates that both 
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week ending 25 MAY 2007 216602-2 are collective in character. Although there is no measurement available for these collective resonances in atomic chains, qualitative length dependence (the blueshift and enhancement) were indeed observed in nanoparticle arrays [27, 28] . In the experiment, it was however impossible to identify the number of the T modes due to the energy resolution and the small number of particles (up to 7) assembled in the experiment.
To elucidate the nature of the T modes, the induced charge response has been analyzed in real-time propagation. Figure 3 shows the Fourier transform of the induced density, obtained from time-evolution, in a plane crossing the chains at the plasmon frequencies for N a 3 (row a), 8 (row b), and 18 (row c), respectively. The density profiles for both modes are dipole like in character and differ in their spatial distributions. The ! TE mode is localized at the two ends, while ! TC is distributed in the center of the chains. This difference is already discernible, despite strong mixing, for short chains as N a 3 (row a), becomes clearer at N a 8 (b), and is completely separated in N a 18 (c) . This charge distribution is consistent with the energy and strength of the two modes shown in Fig. 2 , where the strength of ! TC starts to increase linearly in the long chain limit. It is interesting to note that the charge oscillation of the central mode has nearly vanishing amplitudes on the 6 atoms at the two ends. For the ! TE mode, the intensity and charge distribution does not change significantly for chains longer than 8 atoms, and are completely localized on the 6 end atoms (3 on each side). Such a spatial separation in the transverse excitation between ! TE and ! TC resembles the density distribution of the surface and bulk plasmons of solids and thin films: where the surface (end) plasmons are lower in energy than the bulk (central) plasmon. The induced charge oscillations are localized at the surfaces (the interior region) of the solids.
The existence and nature of two transverse plasmon resonances has in general two different origins: (i) the variation of electron potential on different atoms along the chains, which is mainly responsible for the energy splitting; and (ii) the bonding and interaction between electrons residing on different atoms. The latter would mainly determine the collectivity and strength of the end mode. In order to further differentiate these two effects, extensive calculations have been done for sodium chains with variable interatomic distances by elongating or contracting the distances for up to 1 Å . In the range of distances calculated, the strength of the end mode was found to change only slightly (by less than 10%). was found to depend more sensitively on the atomic species, with about 6 electrons for Ag chains, and 2 for K. This trend in the strength of the end mode is in line with the bonding order (interaction) among the three elements, with Ag > Na > K, which is justifiable both in the chains and in their solids. Stronger electronic coupling favors larger strength in the end mode. In the light of potential application of the chain plasmon resonances and their mediated processes, it is desirable to control such atomic plasmons in both energy and space, using, for example, atomic manipulation with an STM. To explore the tunability of these chain plasmon resonances, we calculated the plasmon modes by attaching a single atom at different positions of the chains. Figure 4(a) shows the dipole strength of the Na8 chain (black) with a single silver atom attached at one end, forming an Ag-Na8 (red) chain. The bond-length of Ag-Na was still 2.89 Å . The end mode at 3.26 eV decreases in intensity, and splits into a high-energy mode at 4.5 eV, which localizes at the silver end of the Ag-Na8 chain (c). In the meantime, the central mode of Na8 at 3.75 eV increases in its intensity due to the fact that one more atom is added to the chain. Splitting of the end mode results from the broken symmetry in the chains and the coupling to the attached Ag atom. Figure 4 demonstrates the sensitivity and tunability of collective excitation of the chains by modifying the atomic environment of the chains.
End electronic states have recently been observed in linear gold chains by scanning tunneling spectroscopy [29] . It is our belief that the collective plasmon resonances reported in this work should be observable [30, 31] in future experiments. In addition, the ultimate chemical and geometric sensitivities of these plasmon resonances should find unique and profound applications in atomic-scale engineering of optical spectroscopy and associated dynamical processes. The splitting between the end and central modes, for example, makes it possible to selectively induce charge excitations in different spaces, selective control of charge localization and transport, local field enhancement and chemical reactions, and plasmon-medium interaction at the atomic scale.
